We investigated plant cell division by testing for the presence and involvement in progress through the division cycle of the protein p34cdc2, a key participant in division control in other eukaryotes. A protein of the same m, 34,000 has structural similarity indicated by its reaction with three sorts of antibody raised against (1) cell divisionspecific regions within a 16-amino acid interna1 sequence that is perfectly consenred in p34cdc2 from all known sources, (2) the carboxy-terminal 127 amino acids of human p34cdc2 linked to B-galactosidase, and (3) whole p34cdc2 of fission yeast. Participation of p34 in the division cycle of the green plant Chlamydomonas is indicated by phosphorylation of the protein only in proliferating cells. There is a consistent fivefold increase relative to other proteins when cells become committed to division and a maximum of phosphorylation at the time of nuclear division under conditions that alter by twofold the time of these events. A p34 protein is detectable in oats and Arabidopsis and in remote taxa, including red and brown algae. We conclude that the plant kingdom shares a division control involving p34cdc2 that was probably established in the common ancestral eukaryote prior to divergence of any of the major eukaryote taxa.
INTRODUCTION
The yeasts have been especially favorable for the identification of control points in the cell division cycle and of the proteins involved in them . Nutritional and genetic manipulation of yeast division have revealed that a key control point in late G1 phase governs an event termed the "start" of division, at which progress to DNA synthesis is started (Reed, 1980; Nurse and Bisset, 1981 ;  Pringle and Hartwell, 1981) , and that a second control point governs the initiation of mitosis (Nurse and Thuriaux, 1980; Nurse and Fantes, 1981 ;  Booher and Beach, 1986) . A new impetus to cell cycle research in animals has come from the finding of division genes and proteins that are homologous with those of yeasts (Draetta et al., 1987; Lee and Nurse, 1987) , but, in plants, no protein that is involved in the control of division has previously been identified.
At least some of the molecules that control division in plants are different from those in yeast and animal cells because hormones that influence cell division in higher ' To whom correspondence should be addressed. plants are small nonpeptide molecules (King, 1988) very different from the peptides that control yeast and animal cell proliferation (Pringle and Hartwell, 1981 ; Deuel, 1987) .
However, we were encouraged to test for the presence in plants of division-controlling proteins resembling those of yeast because we have identified four functional similarities between the late G1 control point, which we called commitment to division, in the unicellular green plant Chlamydomonas and the "start" control in yeasts (John, 1984) . First, both controls lead to the completion of cell division, with little or no requirement for further growth (Donnan and John, 1984) . Second, both controls are rate-limiting for the initiation of DNA synthesis because they can be greatly delayed by slow growth; however, once they have been executed, cells progress rapidly to S phase, usually within 0.1 of a cell cycle (Donnan and John, 1983) . Third, both controls require a critical minimum cell size. This requirement is expressed in two ways in Chlamydomonas. When cells are growing very slowly, commitment to form only two daughter cells follows attainment of a critical minimum mass, as in yeasts and probably most eukaryotes (John, 1987) . At higher growth rates (as in the cultures described here) the requirement for a minimum timed interval in G1 delays division beyond one doubling in cell mass, and then daughter cell size is stabilized by additional commitments that can recur while the mass per committed daughter cell remains above a critical minimum (McAteer, Donnan, and John, 1985) . Fourth, each commitment, or start event, initiates one doubling of DNA and cell number .
We chose to search in plants for the protein kinase p34cdc2, which is encoded by cdc2 + in Schizosaccharomyces pombe (Simanis and Nurse, 1986) because it is essential for the start division process (Nurse and Bisset, 1981) . It is clear that it has been subject to some evolutionary conservation since cdc2* function can be replaced by the homologous CDC28 gene of budding yeast and by cDNA of human CDC2 (Beach, Durkacz, and Nurse, 1982; Lee and Nurse, 1987) . We report that a p34 protein of plants has the same size and extensive immunological similarities with p34cdc2 of fungi and animals. It is active in cell division, showing changes in amount and phosphorylation that coincide with the timing of control points in the yeast cell cycle and resemble the changes of p34 in mammalian cells.
RESULTS

Immunodetection of p34
Antibody raised against the internal peptide EGVPSTAIR-EISLLKE (EGV-peptide antibody) was used to test for p34 in plants because this sequence between amino acids 42 and 57 is the most extensive region to have been perfectly conserved in budding yeast, fission yeast, and human cells (Lee and Nurse, 1987) , and no exact equivalent has yet been described in the more than 60 protein kinases that have been sequenced (Toh-e et al., 1988; reviewed by Hanks, Quinn, and Hunter, 1988) . A direct indication that the peptide is from a key functional region comes from its potentiating effect on the induction of division by p34 in a Xenopus test system (Gautier et al., 1988) . This EGVpeptide antibody has previously detected authentic p34 in yeast, human, and amphibian cell extracts (Lee and Nurse, 1987; Gautier et al., 1988) . Figure 1 shows that it reacted with a protein of M, 34,000 on protein gel blots of proteins from all higher green plants that were tested, including the monocotyledonous cereal oat and the dicotyledonous Arabidopsis, as well as the lower green plants Chlamydomonas and Chara (not shown). It is also present in the taxonomically highly remote red algae Porphyridium purpureum (Figure 1 D) and in other remote groups, including the brown alga Sphacelaria (Figure 2) , and (not shown) the euglenophyte Euglena and the cryptophyte Proteomonas. In all these cases the antibody-positive protein was M, (A) C. reinhardtii harvested in mid-G1 phase and probed with EGV-peptide antibody (lane 1), antibody used in 1 preincubated with antigen peptide (Ag,) at 25 nM (lane 2), antibody against S. pombe p34 cac2 (Ag 2 ) (lane 3), antibody used in 3 preincubated with 1 ng mL~1 Ag 2 (lane 4), antibody used in 3 preincubated with 250 MM Ag, (lane 5). Both antibodies were at the minimum concentration that allowed clear detection of p34. Lane 6 shows Ag 2 protein stained with Ponceau. Lanes 1 to 6 were run on the same gel, and size markers run in parallel are indicated. Figure 4 and were taken in early G1 phase and at mitosis, respectively. 34,000 and was not detected by preimmune serum from the same rabbit, and reaction with immune antibody was eliminated by preincubation with 25 ^M EGV-peptide. Thus, the reaction with plant p34 is specific for epitopes within the perfectly conserved region of the division protein kinase. The region of plant p34 that is recognized by EGVpeptide antibody can be more precisely characterized by reference to the structure of a protein encoded by the PHO85 gene of yeast. PHO85 may have arisen by duplication from cdc2 since it has structural similarity, but it now differs markedly in being unnecessary for viability or cell division (Toh-e et al., 1988) . Differences of cdc2 from PHO85 will include regions that are specifically necessary for the cell division cycle function. In the region between amino acids 42 and 57 of S. pombe p34, which is perfectly conserved in two yeasts and humans. p34 cdc2 has retained Val-44 and Leu-55, but, in the equivalent positions, PHO85 has threonine and methionine, respectively. Figure 2 shows that our EGV-peptide antibody specifically recognizes the peptide of cdc2 because, at the antibody concentration effective on protein gel blots, it is completely competed by 20 nM EGV-peptide but not by a 10-fold higher concentration of a peptide altered by substitution of Thr-44 and Met-55 as in PHO85. Our EGV-peptide antibody is therefore recognizing in plant p34 a structure that is perfectly conserved in the p34 ccfc2 of yeasts and humans but is not present in a similar protein without cell division function. Figure 2 shows that, as well as in species probed in Figure 1 , the cell division cycle-specific sequence is also detectable in p34 of a second red alga, Porphyridium cruentum, and a brown alga, Sphacelaria cirrosa. Figure 2 also indicates that two slower migrating forms of reacting protein from Chlamydomonas, which are detectable from synchronous cultures when cells are entering mitosis (12.5-hr sample) but not in G1 phase (2.5-hr sample), share the cell division-specific configuration detected by EGV-peptide antibody. This is consistent with the conclusion drawn later, from data presented in Figure 4 , that these are phosphorylated forms of p34 cac2 . Two other antibodies were used to identify the reacting protein. One antibody was raised against the whole S. pombe p34 cdc2 , obtained by expression in Escherichia coli from the intron-free structural gene kindly provided in the expression vector pRK172 by Robert Booher, Giulio Draetta, and David Beach. Figure 1A shows that, when this polyclonal antibody was precompeted with purified p34 cdc2 protein, its binding to Chlamydomonas p34 was eliminated, indicating that binding was specific for epitopes in common with fission yeast p34. Competition with EGVpeptide at up to 250 nM (the highest concentration tested and 10 times the concentration effective against the peptide antibody) did not eliminate reaction with p34, indicating the presence of antibodies that recognized regions of homology elsewhere than in the most extensive conserved region. Another form of antibody was raised against the carboxy-terminal 127 amino acids of Homo sapiens p34 CDC2 fused to 0-galactosidase. Figure 3 shows that antibodies from two rabbits immunized with this fusion protein, but not their preimmune sera, precipitated p34 protein that was phosphorylated only in cells that were dividing.
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Taken together, these results indicate that a protein homologous with that encoded by the cell cycle control gene ccfc2* is detectable in plants. The plant p34 has retained the same size and has epitopes in common with p34 of fungi and mammals, which are located in the aminoterminal third of the molecule at the EGV-peptide region, in the carboxy-terminal third, and probably extensively throughout the molecule.
p34 Phosphorylation in Proliferating Cells
Phosphorylation of p34 has been observed in fungal and animal cells when leaving a quiescent GO phase and en- P-phosphate was supplied for 3-hr periods prior to harvesting, marked by horizontal bars in (A). Panels show total phosphoprotein (lanes T), run in parallel with immunoprecipitates that were obtained using antibodies from two rabbits immunized with a 0-galactosidase fusion protein containing the carboxy-terminal 127 amino acids of H. sapiens p34
CDC2
. Immunoprecipitates were obtained with preimmune and immune antibodies of the first rabbit (lanes P, and I,) and with immune antibodies of the second rabbit (lanes I 2 ), the preimmune antibodies of which precipitated no phosphoprotein.
tering the mitotic cycle (Simanis and Nurse, 1986; . To investigate the effect of quiescence on the phosphorylation of p34 in plants, proliferating cells of Chlamydomonas were compared with cells held in quiescence by nitrogen starvation. Synchronously dividing cells were obtained by growth in alternating periods of 14 hr light and 10 hr dark. Light initiates photosynthetic growth in daughter cells and begins the G1 phase, which continues for a timed interval up to the attainment of commitments to divide that are completed in the dark phase (John, 1984) .
In the experimental cultures, daughter cells present at the end of a dark period were either illuminated and allowed to enter a further cell cycle, or held in quiescence with respect to division by deprivation of nitrogen under otherwise the same conditions. Commitment to cell division was monitored by transferring cells to darkness to interrupt photosynthetic growth and prevent the occurrence of new commitments but to allow the completion of divisions already committed. Figure 3 shows that, in cells labeled prior to the attainment of commitment, by addition of 32 PC>4 from 1 hr up to harvesting at 4 hr, no phosphorylation of immunoprecipitable p34 was detectable, but cells labeled from 5 hr up to harvesting at 8 hr, when a high rate of attainment of commitment was occurring in the population, then contained phospho-p34.
The difference in rate of phosphorylation of p34 was not due to general differences in rate of 32 P-phosphate incorporation since total phosphoprotein labeling was similar in all three cultures, as shown in Figure 3 by tracks loaded with 1.2 ng of total protein from each culture. The p34 phosphoprotein run on the same gel does not correspond to any of the abundant phosphoproteins. The appearance of phospho-p34 in cells attaining commitment to divide is due to an increase in its phosphorylation and not to an increase in the amount of the protein. A 2.8-fold increase in the amount of p34 relative to total protein had occurred in cells attaining commitment compared with early G1 (not shown, but measured with EGV-peptide antibody as in Figure 4 ), but the increase in 32 P-phosphate at the M, 34,000 region, determined by counting excised phosphop34 bands, was at least 20-fold. Therefore, at least a sevenfold increase in rate of accumulation of 32 P-phosphate on p34 had occurred at the time of commitment to division.
This phosphorylation of p34 was dependent upon progress through the cell cycle because, as shown in Figure 3 , noncycling cells, which were starved of nitrogen and labeled at the same time that cycling cells were attaining commitment, yielded no detectable incorporation of during G1 phase in association with progress to cell division. The experiment also shows that phosphorylation of p34 is not under the control of an endogenous circadian oscillator, which has previously been postulated to control division in Chlamydomonas (Straley and Bruce, 1979) . Such a timer is considered to run independently of growth, and absence of phosphorylation of the key start protein p34 at the equivalent time in the nongrowing cells provides biochemical support for our earlier conclusion, based on division timings, that an endogenous oscillator plays no significant role in starting division in Chlamydomonas (McAteer et al., 1985) . The Chlamydomonas cell cycle allows study of biochemical events that are involved in G1 and G2 control points even when multiple divisions, to four or eight daughters, occur because the additional commitments (each leading to a further doubling of cell number) follow soon after the first . Cells in synchronous culture can therefore be sampled while attaining commitment before any initiation of mitosis occurs, and, soon afterward, samples entirely of cells in mitosis and cytokinesis can be obtained.
Cell Cycle Changes
The timing of commitment to division was manipulated to test whether the increase in amount and phosphorylation state of p34, seen in Figure 3 , was an integral part of commitment to division. The time of commitment was brought forward by partial phosphate starvation (Lien and Knutsen, 1973 ), but Figure 4A shows that this did not disturb the usual completion of committed divisions within 6 hr (Donnan and John, 1983) . In other cultures commitment was delayed by reducing the available light for photosynthetic growth, which extends the timed period preceding commitment in a regular manner (described by equation 2 in Donnan and John, 1983) and resulted in later commitment in the culture illustrated in Figure 4C . A twofold range of commitment times was obtained, with 30% of cells having attained commitment by 5 hr, 8 hr, and 10 hr in the cultures shown in Figures 4A, 48 , and 4C, respectively .
In these cultures p34 protein was quantified, using EGVpeptide antibody and '251-pr~tein A to determine the amount of p34 on protein gel blots. Complete sets of samples from individual cultures were treated on single panels of nitrocellulose and can therefore be compared quantitatively. Figure 4 shows that, in all three cultures, an abrupt increase in accumulation of p34 coincided with attainment of commitment to divide.
Moreover, the first time in the cell cycle at which the phosphorylation of immunoprecipitated p34 became detectable was at first commitment ( Figure 4C , lower panel). Only one phospho-p34 band was resolved by electrophoresis in cells just attaining commitment to divide; however, after 2.5 hr, when cells were in mitosis (Lien and Knutsen, 1979; Donnan and John, 1983; McAteer et al., 1985) , incorporation into a slower migrating second phosphorylated form was detected. Labeling of phospho-p34 continued in the next 2.5 hr while mitoses continued, but phosphate incorporation had ceased by the time mitosis was complete and cell numbers rose ( Figure 4C , upper and lower panels). Both forms of phospho-p34 were specifically recognized by ~3 4 " ' "~ antibody because precipitation was eliminated by precompetition with purified p34. At the cycle times when two phospho-p34 forms were detectable by incorporation of 32P-phosphate, EGV-peptide antibody on protein gel blots also detected two slower migrating forms of p34 that were precompeted by authentic EGV-peptide ( Figure 4C , middle panel) but not by the peptide of PH085 (Figure 2 ). Since the slower forms detected by peptide antibody have the same mobility as the 32P-phosphatelabeled ones, judged relative to standard proteins run in parallel, and they appear when phosphate incorporation begins, we conclude that they are phosphorylated forms of p34. This conclusion is supported by the resolution in our system ( Figure 4C ) of three similar forms of p34 from cycling HeLa cells, which are reported also to contain a nonphosphorylated p34 and two slower migrating phosphorylated forms (Draetta and Beach, 1988) . In Chlamydomonas the slowest migrating form was less abundant, as measured by EGV-peptide antibody but, during mitosis, carried at least as much 32P ( Figure 4C ) and is therefore hyperphosphorylated relative to the other phospho-p34. In Figures 4A and 48, total p34 is the sum of all mobility forms of EGV-peptide-containing protein. In the same graphs the sum of both slower migrating phospho-p34 forms is also shown. Under all three growth conditions the appearance of phospho-p34 coincided with attainment of commitment to divide, the appearance of hyperphosphorylated p34 coincided with the time of mitosis, and the disappearance of phosphorylated forms coincided with termination of mitosis prior to the release of daughter cells. Because mitosis follows so promptly after S phase in these cells, our synchrony is unable to resolve the vestigial G2 phase, and we are therefore unable to conclude whether hyperphosphorylation begins in G2 or M phases. When no new mitoses are being initiated, phosphorylated forms of p34 begin to disappear, presumably due to phosphatase activity. However, at this time there is a disappearance of total p34, and we cannot discriminate whether there is selective degradation of phospho-p34 or prior dephosphorylation and degradation from a common pool.
DISCUSSION
Mutations available in fission yeast have clearly shown that cdc2+ can be involved in the cell cycle at two separate major control points, which regulate the start of progress to DNA replication and the initiation of mitosis (Nurse and Thuriaux, 1980; Nurse and Bisset, 1981) . The probability that both cell cycle functions are employed in eukaryotes other than yeast is strengthened by our observations of parallels between the behavior of p34 in Chlamydomonas and mammalian cells.
The attainment of commitment to divide by serum-stimulated mammalian cells in late G1 coincides with an increase in amount and phosphorylation of p34 . Similarly, fission yeast cells that have been made quiescent by nitrogen deprivation synchronously re-enter the cell cycle on resumption of growth and then show a phosphorylation of p34, 2 hr before septation, in late G1 (Simanis and Nurse, 1986) . These correlations are extended by our detection of p34 increase and phosphorylation under similar conditions in the plant kingdom ( Figure  3 ) and by the consistent temporal correlation with commitment to division under three different conditions of growth and division timing (Figure 4) . A common factor in the environment of the cells analyzed in Figure 4 is the holding of daughter cells in quiescence by the dark interruption of photosynthesis before their synchronous entry into the next cell cycle. Because there is clear genetic evidence that in two yeasts p34 does have an essential role in late G1 at start of division (Reed, 1980; Nurse and Bisset, 1981) and the mammalian gene has retained coding for all of the functions of p34 that are essential in yeast (Lee and Nurse, 1987) , a general involvement of p34 in a late G1 control point of eukaryotes is therefore likely, and the similarity of p34 behavior in Chlamydomonas suggests that this extends to the plant kingdom. Thus, the equivalente between commitment in Chlamydomonas and start of division in yeast (described in the Introduction) is seen to have a probable basis in the involvement of p34 in both. However, the relationship between increase of p34 and the process of commitment is uncertain. We cannot eliminate the possibility that steadily growing cells need not accelerate accumulation or phosphorylation of p34 to reach the necessary minimum levels for progress through the cell cycle. A precedent for this possibility in Chlamydomonas reinhardtii is the behavior of tubulin, which is synthesized abruptly during division in cells that have begun a cell cycle with a low level of tubulin, after a quiescent dark period, but can be synthesized at a more even rate through the cell cycle if there has been no transition from GO phase (Nicholl, Schloss, and John, 1988) . Direct evidence that p34 accumulation can change in a similar way has come from fission yeast, which, when not recovering from quiescence, can maintain p34 in a phosphorylated state throughout the cell cycle (Simanis and Nurse, 1986) . A possible parallel is seen in the malignant cell line HeLa, which does not enter normal quiescence and maintains a relatively constant level of p34 throughout the cell cycle (Draetta and Beach, 1988) . These observations make it clear that the increase in p34 and its phosphorylation, that has now been observed in Chlamydomonas as well as in yeast and mammalian cells on leaving quiescence and before passing the late G1 control point, is not in itself an invariable part of the start division mechanism, although it may be an essential preliminary in cells beginning with low levels. The essential action of p34 in late G1 is probably controlled by interaction with other proteins, not simple change in amount of p34.
Mitosis in the malignant human HeLa cell line coincides with maximum phosphorylation of p34, which at that time can be resolved by SDS electrophoresis into an unphosphorylated and two slower migrating phosphorylated bands (Draetta and Beach, 1988) . In Xenopus oocytes, the form of p34 that is active in promoting mitosis is also phosphorylated and slower migrating (Gautier et al., 1988) . Strong evidence that the timing and nature of the phosphorylation seen in HeLa are essential parts of mitosis is now provided by the observation of similar changes in a plant cell, where they occurred concurrently with mitosis under three different physiological states and cycle timings. Consistently, a single phospho-p34 was detected at attainment of commitment (Figures 3 and 4) . A second hyperphosphorylated form appeared within 2.5 hr of first attaining commitment to division, as mitosis was commencing, and this persisted for 2.5 hr while mitoses were in progress. A dephosphorylation of p34 coincided with the end of mitosis and the formation of daughter cells (Figure 4) . Our results suggest, therefore, that p34 participates in a control of mitosis in plants as in yeast and animals.
There are implications for the evolution of the eukaryote cell cycle in the finding of p34 with an immunological similarity to p34cdc2 in taxa remote from the green plants.
It has been widely postulated that the red algae may have evolved earlier than other plants by the capture of a cyanobacterium-like photosynthetic prokaryote and that this occurred prior to the evolution of flagella, subsequently inherited only by other plants and animals. Later the brown algae, including diatoms and thalloid phaeophytes, separated from the green algae, which subsequently gave rise to all the higher plants (reviewed by Taylor, 1978; Hori, Lim, and Osawa, 1985) . We do not have direct evidence of p34 involvement in the division cycle in other than a green plant but, taking account of the evidence here from Chlamydomonas, the simplest explanation is that the essentia1 contribution of the protein to the division cycle has enforced its conservation. Our evidence from the plant kingdom suggests that evolution of p34cdc2 occurred before the divergence of any of the major eukaryotic taxa. We suggest that the establishment of control mechanisms for the orderly replication and segregation of chromatin was an integral part of the evolution of a eukaryote cell and that a cell division cycle involving p34cdc2 was established prior to the separation of red algae from the eukaryote stock that then gave rise to other plants, fungi, and animals.
In view of the conservation of p34 between fungal, animal, and plant kingdoms, which is indicated by its involvement in Chlamydomonas, it is very likely that a role in division extends within the green plants to higher plants. This view is supported by our finding that amounts of p34 in regions of wheat leaf correlate with the incidence of cell division (P.C.L. John, F.J. Sek, J.P. Carmichael, and D.W. McCurdy, unpublished results) and also that hormonally induced cell division in carrot cotyledons correlates with induction of p34 (J.R. Gorst, F.J. Sek, and P.C.L. John, unpublished results). The classic early work of Van't Hof and others identified a tendency of cells in plant tissues to arrest in G1 and G2 phases, and it was hypothesized that principle control points were located in these phases, but difficulties of manipulating cells in meristems have prevented their further characterization ( Van't Hof, 1974; Rost, 1977) . The present data show that changes in p34 occur at late G1 and in G2 phase during a plant cell cycle. We suggest, therefore, that the principle control points of the plant cell cycle act through the protein kinase p34cdc2; that, as in yeast, one control is located in late G1 phase and starts progress through DNA replication events; and that the other terminates G2 phase by initiating mitosis.
The full extent of similarity between the p34 proteins of plants and their cdc2 homologs will only be revealed by obtaining complete amino acid sequences. It also remains to be established how much of the networks of controls that act through p34 in yeast and animal cells are also utilized by plants or have been replaced by controls that modulate division in the specialized nutritional and structural circumstances of cell proliferation in plant tissue.
METHODS
Growth of Organisms
Chlamydomonas reinhardtii 137c (CC125+) was grown in Tris acetate phosphate medium (Gorman and Levine, 1965) with phosphate reduced to 200 pM, and division was synchronized by periodic growth in 14 hr light and 10 hr dark (Rollins, Harper, and John, 1983) . Commitment to division was measured in test sampies transferred to TCP medium (inorganic Tris acetate phosphate medium, with chloride substituted for acetate) in which they were aerated by shaking for 20 hr in darkness to interrupt photosynthetic growth and prevent occurrence of further commitments while allowing divisions already committed to result in formation of daughters. Final cell numbers in the test samples indicated the extent of commitment , which is plotted at the time that growth was interrupted. Carrier-free 32P-orthophosphate was added at 4.5 pCi/mL. Porphyridium and Sphacelaria were grown in artificial seawater and harvested when actively proliferating. Avena was germinated in vermiculite, and root tips were excised after 7 days; Arabidopsis was germinated on agar, and whole roots were taken after 7 days.
Extraction, Electrophoresis, and Protein Gel Blotting
Cells and tissues were ground in liquid nitrogen and extracted by vortexing with cold RIPA buffer containing inhibitors of phosphatase and protease, as described (Gautier et ai., 1988) , but supplemented with 10 &l pepstatin A and with 0.1% Tween 20 substituted for Triton. After centrifugation for 5 min at 14,0009, supernatant proteins were separated by SDS-PAGE in 12% gel (Laemmli, 1970) and transferred to nitrocellulose, and bound antibody was detected by alkaline phosphatase (Mierendorf, Percy, and Young, 1987) . The electrophoresed fraction from Chlamydomonas contained all of the p34 because none was detectable in the pellet and the yield was not increased by sonication instead of vortexing.
Antibodies, Immunoprecipitation, and Quantification
Antibody against the EGVPSTAIREISLLKE peptide coupled to thyroglobin (Ag,) has been described previously (Lee and Nurse, 1987) . Antibody against the 127 carboxy-terminal amino acids of Homo sapiens p34CDC2 fused with p-galactosidase was obtained by linking to lac z at the Bglll site of p34CDC2Hs (Lee and Nurse, 1987) in the bacterial expression vector pUR291 (Rüther and Müller-Hill, 1983 ) and fractionating the fusion protein by electrophoresis in 5% gel, then eluting in an electrophoretic concentrator (Pharmacia LKB Biotechnology Inc.) for immunization. Antibody against ~3 4 " "~ of Schizosaccharomyces pombe was obtained by expression of the intron-free structural gene in pRK172 (Booher and Beach, 1986; Draetta et al., 1987) . The protein (Ag2) overexpressed in Escherichia coli was purified by breaking the cells in a French pressure cell, centrifugation at 40,000 g for 30 min, extracting the pellet with 6 M urea in 20 mM Tris, pH 8.0 (urea Tris), and then retaining the fraction eluted from the pellet in 8 M urea Tris for gel filtration in Sephacryl S-200 (Pharmacia) in the same buffer. Fractions containing p34, detected by EGV-peptide antibody on protein gel blots, were applied to DE52 (Whatman), eluted in 8 M urea Tris with a gradient of O to 0.3 M NaCI, and then dialyzed before inoculation. For immunoprecipitation the RIPA extraction procedure was applied to 350 mg of liquid nitrogen-ground cells, volumes of the supernatant containing equal phosphoprotein radioactivity were supplemented with 1 % Nonidet P-40, 0.5% deoxycholate, 0.1% SDS (HD buffer), and then 200 pL of protein A-Sepharose was added and discarded by centrifugation before 5 pL of antibody was added. After 90-min incubation at O°C, 200 pL of protein A-Sepharose was added and washed twice with RIPA, then seven times with Tris-buffered saline containing 0.05% Tween 20, then once with HD buffer, and then boiled in SDS sample buffer for electrophoresis. Quantification of p34 was done, on separations like that in Figure 4C , middle panel, with each lane carrying 60 pg of total protein, by binding of EGVpeptide antibody and determination of this amount using affinitypurified 'z51-labeled protein A (Amersham) as described (Burnette, 1979) . Autoradiography was used to locate the bands of protein A that were excised for scintillation counting.
